Abstract Recent investigations consider adipose-derived stem cells (ASCs) as a promising source of stem cells for clinical therapies. To obtain functional cells with enhanced cytoskeleton and aligned structure, mechanical stimuli are utilized during differentiation of stem cells to the target cells. Since function of muscle cells is associated with cytoskeleton, enhanced structure is especially essential for these cells when employed in tissue engineering. In this study by utilizing a custom-made device, effects of uniaxial tension (1Hz, 10% stretch) on cytoskeleton, cell alignment, cell elastic properties, and expression of smooth muscle cell (SMC) genes in ASCs are investigated. Due to proper availability of ASCs, results can be employed in cardiovascular engineering when production of functional SMCs in arterial reconstruction is required. Results demonstrated that cells were oriented after 24 hours of cyclic stretch with aligned pseudo-podia. Staining of actin filaments confirmed enhanced polymerization and alignment of stress fibers. Such phenomenon resulted in stiffening of cell body which was quantified by atomic force microscopy (AFM). Expression of SM a-actin and SM22 aactin as SMC associated genes were increased after cyclic stretch while GAPDH was considered as internal control gene. Finally, it was concluded that application of cyclic stretch on ASCs assists differentiation to SMC and enhances functionality of cells.
Introduction
Mesenchymal stem cells (MSCs) are undifferentiated multi-potent cells which are extractable from different tissues such as bone, umbilical cord and fat. They are capable of differentiation to various phenotypes including osteoblasts, adipocytes, chondrocytes, fibroblasts, and neural cells [1] . However, the limitations of MSCs extraction and the cell available amounts are considered as the common problems in their usage. In this regard, many studies are looking for the new sources of stem cell, focused on the adipose tissue. It has been illustrated that Adipose Derived Stem Cells (ASCs) are more capable of adipogenic, chondrogenic, osteogenic, and myogenic differentiations compared to bone marrow mesenchymal stem cells (BMSCs) [2] . They are also capable of strong extracellular matrix (ECM) synthesis as have been applied in heart valve tissue engineering [3] . ASCs are highly accessible through subcutaneous adipose tissue as an appropriate source of stem cells [4] .
Cells function in a dynamic micro-environment with chemical and mechanical stimuli, depending on the tissue in which cells are hosted. Hence, cell behaviour is determined by chemo-mechanical parameters of such environment. For the case of stem cells, the process of differentiation and function of differentiated cells are influenced by the external stimuli. Due to application of adult stem cells in clinical therapies and regenerative medicine, a wide range of experimental studies has been performed to evaluate effects of biochemical and biophysical conditions on cell behavior [5] .
Cells adapt to the mechanical stimuli by cytoskeleton remodeling, activation of various signaling pathways, and alteration in the gene expression [5, 6] . Such adaptation influences cellular characteristics including cell, morphology, mechanical properties, and protein synthesis [7, 8] . During exposure to mechanical stimuli, substrate deformation is transmitted from ECM to the cytoskeleton through internal components such as actin filaments, myosin motors, and actin cross-linking proteins. Actin filaments of cytoskeleton are the central contributors to cell remodeling [9] .
Biological cells of various tissues are subjected to different types of loading. To investigate cell reactions to these loadings, behavior of cells exposed to mechanical stimuli has been extensively studied in vitro. Examples include effects of cyclic hydrostatic compression on chondrocytes, cyclic planar tension on cardiomyocytes and cyclic uniaxial stretch on smooth muscle cells (SMCs) ( [10, 11] , Also a complete review can be found in [7] ). For the case of stem cells, it has been illustrated that mechanical stimuli regulates differentiation of stem cells. Convenient type of stimulus depends on the type of mechanical loading which the target cells experience in vivo [5, 12] .
In the arterial wall media, SMCs are exposed to circumferential cyclic tension due to pulsatile blood pressure [13] . Hence, it is hypothesized that in regenerative medicine of engineered arteries, cyclic tension could mimic environmental conditions for structural remodeling and differentiation of adult stem cells to SMCs. In addition to transforming growth factor-b (tgf-b) and sphingosylphosphorylcholine (SPC) as chemical cytokines [14] , cyclic stretch has been found to be effective in expression of SMC associated genes [15] . This loading regime mimics the physiological conditions of SMCs populate within arterial media. It has been demonstrated that vascular SMC genes are up-regulated by exposure of BMSCs to mechanical stretch. While up-regulation of SMC associated genes has been illustrated by application of mechanical loading on BMSCs [16] [17] [18] , such influence has not been characterized for ASCs.
The aim of this study is to quantify the effects of uniaxial cyclic stretch on the morphology, mechanical properties, and SMC gene expression of ASCs. Due to high accessibility of ASCs, results can be applied in vascular engineering.
Methods and materials

Cell isolation and culture
ASCs were extracted from adipose tissue according to recommended protocols [19] . The adipose tissue was derived during orthopaedic surgery of human anterior cruciate ligament (ACL) reconstruction. Tissue was rinsed in the digesting solution containing 2mg/ml of type-I Collagenase in PBS. Then, it was centrifuged at 1400 rpm for 5 minutes. The supernatant solution containing adipose cells was incubated for 30 minutes at 37°Centigrade for further digestion. Subsequently, the solution was centrifuged at 2000 rpm for 5 minutes and the remaining pellet was re-suspended and transferred to DMEM culture medium (Invitrogen, USA) containing 15% FBS (Fetal Bovine Serum) (Gibco, USA) and 1% Penicillin-Streptomycin. After 24 hours, morphologically homogeneous ASCs were attached while adipose cells were suspended and discarded.
Cells were cultured in DMEM-LG (Low Glucose Dulbecco's Modified Eagle's Medium) supplemented with 10% FBS, and incubated at 37°with 5% CO 2 . The culture medium was replaced every 3 days and cells from third passage were used for experiments. Cells were characterized using flow cytometry by their stem cell-surface antigens. Cells were positive for CD105, CD166, CD90, and CD44 as stem cell markers and negative for CD34, and CD45 as hematopoietic markers. ASCs express similar surface antigens similar to BMSCs while maintain for extended period as undifferentiated cells [20] .
Mechanical stimulation
A custom-made device was utilized for application of cyclic stretch on cultured cells attached on an elastic membrane ( Fig. 1) . The device was modified for a long time stretch by design of a new detachable cell culture chamber while protecting cells from environmental contamination. Transparent elastic membranes of medical grade Polydimethylsiloxane (PDMS) were produced by heat compression of Silicone (Wackers Chemie AG, Germany). Since hydrophobic surface of PDMS membranes is not suitable for cell culture [21] , several coating materials such as fibronectin, type-I collagen, bFGF, and gelatin are mostly recommended for surface modification [22] . PDMS surface wettability was modified by gelatin coating to avoid cell detachment during cyclic stretch. For this purpose, a solution of 0.2% type-A gelatin from porcine skin (Sigma, USA) in deionized water was autoclaved and filtered by 0.2lm pore-size filter and incubated at 4°for 24 hours on PDMS surface.
Viable cells were counted by Trypan Blue using hemocytometer (HBC, Germany) and seeded with density of 10,000 Cells/cm 2 on two samples of coated silicones. Cells were incubated for 24 hours to adhere properly. After attachment with spreading pseudo-podia, elastic membranes of test group were assembled into the grippers of the stretching device and exposed to cyclic stretch with 10% amplitude and frequency of 1 Hz to mimic microenvironment of SMCs within the arterial wall.
Cell morphology and orientation
Cell images were obtained from test and control groups before and after loading using a digital camera installed on a phase-contrast inverted optical microscope. Images of cells were processed using Image Processing Toolbox of MATLAB (MathWorks Software, USA). The colour images were transformed to grey scale images. Using segmentation algorithms segmented cells distinct from background were isolated in a black-white format (binary image). Appropriate digital filters were applied for precise border detection of cell images and removal of image artefacts. The resultant images were exploited for an analysis of 2-Dimentional Fast Fourier Transform (2D-FFT) in IMAGEJ Software (v. 1.44a) to quantify cell alignment. The 2D-FFT Power Spectrum of an image demonstrates average angle for the majority of lines and can be employed to calculate orientation of cells in the segmented images [23] . Since cyclic stretch alters cell morphology and orientation [24] , the morphological evaluation of ASCs after loading is valuable for study of cell responses to environmental stimuli through remodelling and adaptation.
RNA preparation, cDNA synthesis and quantitative real time RT-PCR
Expression of SMC associated genes was investigated in the cells of test samples after 24 hours cyclic stretch and compared to the gene expression in control samples after same duration. Smooth muscle (SM) a-actin and SM-22 aactin genes which are expressed at early-stage of stem cell differentiation to SMC were analysed [25] . Real Time RT-PCR method was used to study intensity of expression of SMC genes due to application of mechanical stimuli. Since ASCs in regular culture conditions express those genes in small degree, it is necessary to quantify such expression after application of cyclic load through real time PCR [26] . Total RNA was extracted using chloroform and phenol extraction protocols. Cells in samples were lysed with 1ml RNX TM (-Plus) (CinnaGen Inc., Iran) and added by 20% chloroform. Isopropanol was added to precipitate the RNA. The lysed solutions were centrifuged between each step for 15 minutes at 4°C and 12,000 rpm. To wash the RNA pellet, 75% ethanol was added and centrifuged at 7500 rpm for 8 minutes. The final pellet was suspended in diethyl pyrocarbonate (DEPC)-treated water. Lastly, RNA purity was quantified by optical density in 26nm wavelength (OD 260 ) measurement using BioPhotometer (Eppendorf, Germany). Purity of RNA was approved for cDNA synthesis when OD 260 /OD 280 C1.8. First strand cDNA was synthesized from 2lg of total RNA using PrimeScript RT Reagent (Perfect Real Time; Takara, Japan), and the quantitative analysis was performed by SYBR Premix Ex Taq II (Perfect Real Time; Takara, Japan) using ABI Prism 7500 Fast Real Time RT-PCR System (Applied Biosystems, USA).
The primers (TAG Copenhagen A/S, Denmark) were selected according to previous published data on BMSCs for evaluating expression of SMC genes [27] , and checked in database of National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST/) to assure the uniqueness of primer sequences (Table 1) . Both b-actin and GAPDH were candidates of internal controls for gene expression.
Actin filament staining
To examine influence of mechanical loading on cell cytoskeleton, arrangement of actin filaments was analyzed in both control and test groups. After 24 hours incubation following cyclic stretch, actin staining was used to 
investigate cytoskeletal structure. For this purpose, ASCs were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (Merck, Germany), and blocked from non-specific binding with 1% BSA (bovine serum albumin) (Merck, Germany). Then actin filaments were stained by incubating cells for 30 minutes in Phalloidin-FITC (Sigma, Germany) [28] . An inverted fluorescence microscope was utilized to observe actin filaments with excitation at 495nm and emission at 513nm in green.
Evaluation of whole-cell mechanical property
Cell cytoskeleton determines mechanical properties of the cell body through arrangement of actin stress fibers [29] . Uniaxial cyclic stretch influences actin alignment within cells [24] , hence quantification of alterations in mechanical properties of the cell body due to the loading is of importance. Indentation of the cells with atomic force microscopy (AFM) assists better understanding of physical mechanisms involved in cell biology [29] . At 24 hours after termination of cyclic stretch, cells in both control and test group were subjected to indentation for evaluation of cell apparent elasticity. Cells were fixed with 0.5% glutaraldehyde for 1 minute and washed twice for 5 minutes, and then air dried for cell probing [30] . A DME DualScope TM scanning probe microscope (DS 95-200/50; DME, Denmark) was utilized. Both apparent elasticity and surface topography data were captured by AFM contact mode using a blunted pyramidal tip DC cantilever (DME, DS 95-x). Cantilever force constant was from 0.07 to 0.4N/m with silicon tips (NanoWorld AG, Switzerland). Equation 1 defines the force-indentation relation for cantilevers with pyramid tips according to Hertz model defined by assumptions of elastic, isotropic and homogenous material properties for the probed material.
Where d defines indentation, a is half angle of probe tip, and m represents the Poisson's ratio for cell which has been assumed to be 0.45 due to assumption of incompressibility. The indentation is prescribed to be less than 10% of the cell height to diminish substrate contribution in determining apparent cell elasticity (E) [31] .
Experimental procedure
Extracted human ASCs from third passage were seeded on gelatin-coated PDMS. After 24 hours incubation for proper attachment, membranes of test groups were exposed to 10% uniaxial cyclic stretch at frequency of 1 Hz for 24 hours. After test, morphological parameters, apparent elastic modulus and SMC gene expression were evaluated and compared to control (no load) group to study effects of cyclic stretch on cell functions. Cells in control groups were cultured at similar biological conditions without exposure to loading. For each variable, at least four tests were performed for statistical verification. AFM indentation was carried out on cells within five fields of view, and indentation was performed on three locations of the each cell body. Phase contrast images were obtained from 4 fields of view for morphology and orientation assessment. Morphological parameters of each image were measured by a computer assisted code. Statistical analysis was carried out to investigate differences of the parameters in test and control groups. Data were presented in mean±SD, and statistical significant difference was defined by p\0.05.
Results
Cell morphology and orientation
Results indicated alignment of ASCs after 24 hours of cyclic stretch, whereas cells of the control group were distributed randomly (Fig. 2D vs. A) . Results of actin staining in test group indicated fiber orientation in addition to enhanced polymerization of actin filaments as results of cyclic stretch (Fig. 2E vs. B) . Quantified 2D-FFT analysis of cell images showed that cells of test groups have been aligned with the angle of 70±10 degrees compared to load axis, in contrast to the random orientation of cells in control groups (Fig. 2F vs. C) . This has been observed in the MSCs under mechanical loading in previous studies [32] . Actin filaments of test group are oriented as illustrated in phase contrast images. Cells exposed to mechanical stretch remodel their cytoskeleton to minimize energy distortion by alignment of actin filaments and the consequent actin polymerization, leading to thicker bundles of stress fibers [33, 34] , as it was exemplified by brighter stained actin filaments in test group (Fig. 2E ).
Cell indentation by AFM
As illustrated by AFM topography (Fig. 3) , un-stretched ASCs have three or more leading edges spreading in different directions. However in stretched cells, the leading edges are aligned in specific direction imitating spindleshaped striated SMCs [35] . This is in good agreement with fluorescence images obtained from stained actin filaments demonstrating orientation of spreading edges and actin filaments of cytoskeleton (Fig. 2E) .
Cells in control group have thin, sheet-like extensions known as lamellipodia regardless of cell direction, however mechanical strain gives polarity to leading edges and inhibit lamellipodia extensions. Based on the evidences, inhibition of lamellipodia restricts cell migration unless in cell direction [36, 37] .
AFM indentation depth was significantly reduced as illustrated in Fig. 4A (99.28±7.08nm vs. 104.81±4.62nm). Consequently, whole-cell mechanical property, measured by AFM indentation demonstrated 8.5% rise of apparent elasticity (cell stiffening) in test group compared to no-load control group (553563±59623Pa vs. 510852±35421Pa), [Fig. 4B ]. Cell stiffening due to the cyclic stretch was statistically significant (P\0.05).
SMC gene expression
Results of Quantified gene expression demonstrated biophysical cues for up-regulation of SMC genes describing probable phenotype changes. Although both GAPDH and SM b-actin were evaluated as endogenous controls, SM bactin was excluded illustrating variation of 1.733 to 3.474 fold after cyclic stretch with respect to GAPDH. Hence, real time PCR demonstrated that after application of cyclic loading, SMC early-stage genes (SM a-actin and SM22 aactin) were elevated considering GAPDH as house-keeping genes. As illustrated in Fig. 5 , cyclic stretch for a period of 24 hours caused 13.039 and 4.933 folds elevations in SM a-actin and SM22 a-actin, respectively. This indicates that ASCs are markedly prone to differentiation to SMCs due to cyclic tension.
Discussion
In this study we intended to investigate the effects of the cyclic stretch on the ASCs morphology and the SMC gene expression. It has been shown that cyclic stretch (1Hz, 10% amplitude) modulates alignment of ASCs and their pseudopodia; and reduces unintended migration by reducing cell lamellipodia. Aligned cells with premeditated migration are vital in tissue engineering, especially for arterial wall with organized lamellar structure [38] . Function of engineered cells is enhanced when they are exposed to the micro-environmental stimuli that biological cells experience in vivo [5, 12] . Mechanical incentives result in cell alignment, cytoskeletal arrangement and stress fiber generation leading to enhanced functionality of cells through improvement of ECM synthesis, and deliberate cell migration and motility. Cytoskeletal enhancement is particularly indispensable in muscle-like cells such as SMCs in which force generation and mechanical properties are essential for their biological function. Generation of stress fibers together with their alignment are associated with stiffening of the cell body [39, 40] . Cell elongation and stiffening in response to cyclic stretch is caused by actin alignment and elevation of SMC protein content [37, 41] . Load dependent cell orientation and morphological variation are correlated with cell type, loading conditions (amplitude, duration, frequency), and mechanical properties of cell body [42] . Application of 24 hours cyclic stretch on ASCs intensifies expression of two early-stage SMC associated genes. This phenomenon is in agreement with previous studies indicating that cyclic stretch up-regulates expression of SMC genes in BMSCs [16] . Although TGF-b1 is the most recommended cytokine promoting differentiation of ASCs and BMSCs to SMCs [26, 27] , application of cyclic uniaxial stretch is also an efficient method for up-regulating SMC genes. This cell differentiation could affect cell elasticity [43] . Besides, cell differentiation due to external load is accompanied by structural remodeling, through enhancement of cell cytoskeleton fibers which are key factors in functionality of muscle cells. For this reason, mechanical stimuli might enhance function of these cells once they go through the same mechanical conditions in hosting tissues. This is specifically practical in tissue reconstruction when functional cells are required to contribute in accelerated ECM synthesis through enhanced cell cytoskeleton and improved cell function.
In conclusion, when arterial reconstruction is intended, uniaxial stretch might be employed during incubation of stem cells with growth factors to obtain functional SMCs. It was shown that ASCs are capable of appropriate response to uniaxial cyclic stretch for expression of SMC associated genes and enhancement of cell behavior. Due to high accessibility of ASCs, this approach facilitates production of functional SMCs through differentiation process. As a result, combined effects of biochemical stimuli together with proper biophysical stimuli are recommended for efficient differentiation of stem cells to target cells in cell therapy and regenerative medicine.
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